Abstract Conidiobolus obscurus, an entomopathogenic fungus able to infect aphids, was previously reported to produce substantial amounts of very long chain polyunsaturated fatty acids (VLCPUFAs) that may mediate the insect infection. However, the genes involved in the biosynthesis of these VLCPUFAs from the order Entomophthorales have yet to be identified. Using degenerate reverse transcriptasepolymerase chain reaction and rapid amplification of the cDNA end methods, we cloned a Δ6 desaturase cDNA (CoD6) and a Δ6 elongase cDNA (CoE6) from C. obscurus. Expression of CoD6 and CoE6 in Saccharomyces cerevisiae revealed CoD6 could introduce a Δ6 double bond into α-linolenic acid (18:3n-3), and CoE6 preferentially elongated 18-carbon Δ6 desaturated fatty acid stearidonic acid (18:4n-3). When the fungus was grown under a temperature shift from 20°C to 10°C, the transcript level of CoD6 and CoE6 increased, whereas when the fungal culture was shifted from 20°C to 30°C, the transcript level of both genes decreased. The entire eicosatetraenoic acid biosynthetic pathway was reconstituted in yeast using four genes, CoD6 and CoE6 from C. obscurus, CpDes12 (a Δ12
Introduction
The Conidiobolus fungi are mainly found to inhabit soil or decaying plant materials in tropical areas, particularly in areas near the equator such as Africa, India, and Central America. There are over 21 different species within the genus, some of which have been found to be causative agents in human infections, but the fungal species Conidiobolus obscurus is known to strictly infect insects (Scorsetti et al. 2007 ). As C. obscurus is particularly fond of the aphid host, it has been used as bio-pesticides in controlling the aphid population in various crops such as potato, small grain, and cotton (Feng et al. 1990; Milner and Soper 1981; Steinkraus and Tugwell 1997) . Interestingly, this fungus is also able to produce substantial amounts of very long chain polyunsaturated fatty acids (VLCPUFAs) (Tyrrell 1967) . When the fungus infects the host, it produces yeast-like hyphal bodies and wall-less protoplasts. The protoplasts, unlike hyphal bodies, are not recognized by the immune system of insects because of the lack of β-1,3 glucan in the cell walls (Tanada and Kaye 1993 ). It appears that VLCPUFAs can inhibit the synthesis of β-1,3 glucan in the protoplasts, allowing the fungus to evade the host immune system and to eventually kill its host (Mackichan et al. 1995) .
VLCPUFAs such as arachidonic acid (ARA, ), eicosapentaenoic acid (EPA, , and docosahexaenoic acid (DHA, are essential fatty acids for human health. Dietary supplementations of these VLCPUFAs have shown to provide protection against many chronic diseases and to enhance function of the eyes and brain (Napier 2006; Ratledge and Wynn 2002; Venegas-Caleron et al. 2010) . Currently, the main source of the ω3 VLCPUFAs are marine fish. However, with the steady declining fish population in oceans, the nutraceutical industry is now under intense pressure to find alternative sources for these fatty acids to meet the growing demand.
The biosynthesis of VLCPUFAs predominately proceeds with the Δ6 desaturation pathway in eukaryotes. For instance, ω3 VLCPUFAs are synthesized in most fungi first through sequential Δ12 and ω3 desaturations of oleic acid (18:1-9) resulting in α-linolenic acid (ALA, 18:3n-3), which is followed by Δ6 desaturation and Δ6 elongation giving rise to eicosatetraenoic acid (ETA, . ETA is desaturated by a Δ5 desaturase producing EPA. The biosynthesis of ω6 VLCPUFAs occurs in a similar process. The Δ6 desaturation of linoleic acid (LA, 18:2n-6) results in γ-linolenic acid (GLA, 18:3n-6), which is followed by Δ6 elongation and Δ5 desaturation producing 8, 11, 14) . 11, 14, 17 ) is a novel ω3 VCLPUFA that has recently attracted scientific attention because it has the unique chemical properties and biological activities, as well as it is the precursor for the biosynthesis of downstream ω3 VLCPUFAs. However, no rich source of this fatty acid has been found in nature. Therefore, there is interest in heterologous production of this fatty acid for nutraceutical use. Here, we report identification of a Δ6 desaturase and a Δ6 elongase from an entomopathogenic fungus, C. obscurus, involved in the biosynthesis of ETA; the examination of their expression under the different temperatures; and reconstitution of the entire ETA pathway in yeast Saccharomyces cerevisiae using these genes.
Materials and methods
The fungus strain and growth conditions C. obscurus ARSEF74 was kindly provided by Dr. Richard Humber of Robert W. Holley Center for Agriculture and Health, Ithaca, NY, 13853-2901, USA. To grow the fungus, the mycelium was inoculated in a quarter strength of Sabourad dextrose media (10 g/L) containing 5 g/L dextrose, 2.5 g/L bactopeptone and 2.5 g/L yeast extract, and grown at room temperature (22°C) for 10 days with shaking at 180 rpm. The cells were harvested by vacuum filtration and washed twice with 20 mL of sterile water. After freeze-drying, the cells were stored at −80°C until use for fatty acid analysis and gene cloning.
Gene expression analysis under different temperature conditions C. obscurus was first grown in 200 mL culture at 20°C for 5 days and the cells were then harvested and resuspended in 50 mL of the fresh medium. Each 5 mL aliquot of the suspension was added with 10 mL of the fresh medium. Samples were then incubated at 10°C, 20°C and 30°C for 24 h. After that, the cells were collected by vacuum filtration and washed twice with distilled water. Total RNAs from the fungal samples were extracted using TRIzol reagent (Invitrogen, Burlington, ON, Canada). One microgram of total RNA was treated with DNase I and used for cDNA synthesis using SuperScript III reverse transcriptase-polymerase chain reaction (RT-PCR) system (Invitrogen, Burlington, ON, Canada) in 20 μl reaction with random primers. The half μl of firststrand reaction was then used as a template for 25 μl multiplex PCR reaction using Taq DNA Polymerase (UBI Life sciences, Saskatoon, SK, Canada). The specific primers LT53 (5′-ATCTTGGTGCG CATATAG C AT G T G G T T C -3 ′ ) a n d LT 5 9 ( 5 ′ -G G AT C C T TAATCCTGTTTAGGAGGTTCAG-3′) were used to generate a 565 bp CoD6 cDNA, primers LT60 (5′-GCGGCCGCAT TATGGCCTCAGCAGTTTAC-3′) and LT57 (5′-AACCAC CAGACGCCAAAGATGGAGCAG-3′) were used to generated a 608 bp Δ6 elongase cDNA (CoE6) cDNA. The 18S rRNA primer-competitor mix (Universal 18S internal standard kit; Ambion, Applied Biosystems, Streetsville, ON, Canada) was used for amplification of the internal control in multiplex PCR experiments. The PCR conditions for both multiplex PCR reactions were 25 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 40 s. A 10 μl aliquot of both reactions was then analyzed on a 1.5% agarose gel and amplified products were quantified by the gel-documentation system (Alpha Imager, HP System, Santa Clara, CA, USA).
Cloning putative Δ6 desaturase and Δ6 elongase genes from C. obscurus Total RNA was extracted from the fungal biomass of C. obscurus using Trizol reagent and 5 μg of total RNA was used to synthesize first-strand cDNA using the SuperScript III first-strand synthesis system (Invitrogen, Burlington, ON, Canada). To clone the putative Δ6 desaturase gene (CoD6), 2 μL of the first strand cDNA was used as a template for PCR amplification with the degenerate oligonucleotide primers LT14 (5′-YTGNARNCCNCCRR G R A A C C A -3 ′ ) a n d LT 1 6 ( 5 ′ -AT H G M N R A N CAYCCNGGNGG-3′) that were designed based on conserved amino acid regions of Δ6 desaturase enzymes from Mucor rouxii (Laoteng et al. 2000) , Mortierella alpine (Huang et al. 1999) , Rhizopus stolonifer (Zhang et al. 2004) , Thamnidium elegans (Wang et al. 2007 ), Physcomitrella patens (Girke et al. 1998) , Pythium irregulare (Hong et al. 2002) , Cunninghamella echinulata (Fakas et al. 2006) and Caenorhabditis elegans (Napier et al. 1998) . The forward primer LT14 and the reverse primer LT16 correspond to the conserved regions W-F-H-G-G-L-Q and I-(A/E)-(D/K)-H-P-G-G, respectively. Amplified products with the expected size of approximately ∼1,000 bp were gel purified, cloned into the pCR4-TOPO vector (Invitrogen, Burlington, ON, Canada) and sequenced. The 5′ and 3′ ends of the CoD6 cDNA were obtained by rapid amplification of the cDNA end (RACE) using a Marathon cDNA amplification kit (Clontech, Mountain View, CA, USA) following the manufacturer's recommendations. Primers LT50 (5′-AGAGTTCCATAGCGTTCTCGGACCAGGC-3′) LT51 (5′-TGCCATCCACATTGTTGAAAGAAGAGTCC-3′) were used to obtain the 5′ end, while primers LT52 (5′-TGGGTTGGGGGTCACTTCTTTGGAGC-3′) and LT53 (5′-ATCTTGGTGCGCATATAGCATGTGGTTC-3′) were used to obtain the 3′ end. The full-length cDNA sequence, including the 5′ and 3′ untranslated regions as well as the coding region, was retrieved by RT-PCR using Phusion polymerase (New England Biolabs, Pickering, ON, Canada) with the specific primers LT58 (5′-GGATCCATCATGG CACCTCTTACTAAC-3′) and LT59 (5′-GGATCCT TAATCCTGTTTAGGAGGTTCAG-3′).
To isolate putative CoE6, the degenerate oligonucleotide primers LT5 (5′-TTYTTNCAYGTNTAYCAYCA-3′) and LT6 (5′-ARRAARTARTANCCRTACAT-3′) were designed which correspond to the conserved amino acid regions F-L- Parker-Barnes et al. 2000) , Thalassiosira pseudonana (Meyer et al. 2004) , Phaeodactylum tricornutum (Domergue et al. 2002) , Ostreococcus tauri (Meyer et al. 2004) , P. patens (Zank et al. 2000) and Oncorhynchus mykiss (Meyer et al. 2004) . Amplified products with the expected size of approximately 150 bp from degenerate RT-PCR were gel purified, cloned into the pCR4-TOPO vector and sequenced. The 5′ and 3′ ends of the CoE6 cDNA were obtained by RACE using a Marathon cDNA amplification kit following the manufacturer's recommendations. Primers LT56 (5′-ATCACGTGGATGTAGGAGTTAAGGGCAG-3′) and LT57 (5′-AACCACCAGACGCCAAAGATGGAG CAG-3′) were used to obtain the 5′ end while primers LT54 (5′-TCTTCCACGTCTACCACCACTGCTCC-3′) and LT55 (5′-TCAGCTGCCCTTAACTCCTACATCCACG-3′) were used to obtain the 3′ end. The full-length sequence including the 5′ and 3′ untranslated regions as well as the coding region was retrieved by RT-PCR using Phusion polymerase with the specific primers LT60 (5′-GCGGCCGCATTATGGCCTCAGCAGTTTAC-3′) and LT61 (5′-GCGGCCGCTTAGTTGCGCTTTTTGCCA TAG-3′). The nucleotide and amino acid sequences for CoD6 and CoE6 have been deposited in GenBank under accession numbers HQ656805 and HQ656806, respectively.
Heterologous expression of CoD6 and CoE6 in yeast
To express the genes in yeast, the open reading frames were inserted into the vector pYES2.1/V5-His-TOPO behind the GAL1 promoter. The recombinant plasmids were introduced into the yeast host S. cerevisiae INVSc1 using the lithium acetate transformation method (Gietz et al. 1992 ). The yeast transformants were first grown in a synthetic yeast medium containing 2% glucose, 0.67% bacto-yeast nitrogen base lacking uracil at 28°C for 2 days. The cultures were then washed twice with distilled water and resuspended in 10 mL of the induction medium (the synthetic yeast medium containing 2% galactose instead of 2% glucose) supplemented with or without 250 μM fatty acid substrate in the presence of 0.1% tergitol. The induced cultures were grown at 20°C for 2 days.
Fatty acid analysis
The fatty acids of yeast cells were directly transmethylated with 2 mL of 3 N methanolic HCl at 80°C for 1 h. After the transmethylation process, the sample was cooled down at room temperature before adding 1 mL of 0.9% NaCl and 2 mL of hexane. The sample was then mixed and centrifuged at 2,400 rpm for 5 min for phase separation. Hexane phase containing fatty acid methyl esters (FAMEs) were removed and dried under N 2 . After drying, the sample was resuspended in 400 μL of hexane and placed in a GC auto-sampler vial for GC analysis. Two microliter of the total FAMEs sample was analyzed on an Agilent 6890N gas chromatograph equipped with a DB-23 column with 0.25-μm-film thickness (J&W Scientific). The column temperature was maintained at 160°C for 1 min, and then raised to 240°C at a rate of 4°C/min (Reed et al. 2000) . The areas of chromatographic peaks were calculated for relative amounts of FAMEs. GC-MS analysis was accomplished using an Agilent 5973 mass selective detector coupled to an Agilent 6890N gas chromatograph with the same column and conditions as described above. The mass selective detector was run under standard electron impact conditions (70 eV), scanning an effective m/z range of 40-700 at 2.26 scans/s.
For fatty acid analysis of C. obscurus, the fungus was grown in 40 mL of quarter strength of the Sabouraud medium at the room temperature (22°C) for 10 days. The fungal cells was harvested through vacuum filtration and washed twice with 20 mL of distilled water. The sample was then mixed with 7 mL of 2:1 chloroform/methanol (v/v) mixture and homogenized for 2 min. The homogenized solution was centrifuged at 2,400 rpm for 5 min. The bottom lipid layer was carefully transferred into a new tube and dried under a N 2 stream. The dried lipid was resuspended in an appropriate volume of chloroform to achieve a final concentration of 20 μg/μL. To fractionate the different lipid classes, the total lipid extract was resolved on silica G-25 thin layer chromatography and developed with hexane/diethyl ether/acetic acid (70:30:1, vol/vol/vol) for neutral lipids and with chloroform/methanol/ acetic acid/water (100:40:12:2, vol/vol/vol/vol) for phospholipids, respectively. Once the solvent front reached approximately 2 cm from the top of the plate, the developed plate was air dried and sprayed with the lipidstaining solution (5 mg primuline in 100 mL of 80:20 acetone/water [v/v] ). Lipid staining was observed under an UV transluminator (Aitzetmüller et al. 1992) . In reference to the lipid standard, the corresponding spots to each lipid class were then scratched off the silica plate and directly transmethylated as described above.
Reconstruction of the ETA pathway in yeast
To reconstitute the ETA pathway, the CoD6 gene flanked with BamHI sites was first inserted in the yeast pESC-HIS vector (Stratagene) behind the GAL1 promoter, while CoE6 was cloned in the NotI site of the vector behind the GAL10 promoter. The yeast co-expression vector pESC-URA (Stratagene) was used to clone CpDes12 and CpDesX where CpDes12 was under the control of GAL1 promoter and CpDesX was under the control of the GAL10 promoter. To facilitate the CpDesX cloning process, BglII restriction site was incorporated at the 5′ ends of the forward and reverse primers, LT48 (5′-GAAGATCTTCGAAATGGC TAACAAATCTCC-3′) and LT49 (5′-GAAGATCTTCC TAGCCGTGTGTGTGGAC-3′). These primers were then used to amplify the full-length CpDesX; the amplified product was digested with BglII and inserted into its respective digested site within the pESC-URA vector. For cloning CpDes12, the plasmid containing the gene was cut with the restriction enzymes BamHI and EcoRI, and ligated into the sites of pESC-URA. The two recombinant plasmids expressing the four genes were co-transformed into S. cerevisiae INVSc1 using the lithium acetate transformation method (Gietz et al. 1992) , the yeast transformants were selected on a selection medium lacking histidine and uracil, and containing 2% glucose. To assess the expression of the reconstituted ETA pathway, the transgenic yeast cells were first grown in a synthetic yeast medium lacking histidine and uracil and containing 2% glucose and 0.67% bactoyeast nitrogen base at 28°C for 2 days. The cultures were then washed twice with distilled water and resuspended with the induction medium (the synthetic yeast medium containing 2% galactose). The induced cultures were incubated at 15°C for 2 days, then at 20°C for 2 days. Following the induction, the yeast cells were harvested by centrifugation at 2,400 rpm and washed once with 15 mL of 0.1% tergitol and twice with 10 mL of distilled water.
Results
Fatty acid analysis of C. obscurus C. obscurus, when grown under room temperature, could produce substantial amounts of VLCPUFAs in triacylglycerol (TAG) and phospholipid fractions, including both ω3 and ω6 VLCPUFAs such as EPA (20:5n-3) and ARA (20:4n-6), two Δ5 desaturated products of ETA (20:4n-3) and dihomo-γ-linolenic acid (DGLA, 20:3n-6), respectively. Although ARA and EPA are not the predominate fatty acids in the TAG fraction, they were two major fatty acids in the phospholipid fraction, together they made up approximately 40% of the total fatty acids (Fig. 1) . As VLCPUFAs were mostly located in the phospholipid fraction, the fatty acid composition of two major phospholipids phosphatidylcholine (PC) and phosphatidylethanolamine (PE) were also determined in the fungus. The result showed that PE contains a higher level of ARA and EPA than PC (Fig. S1  in supplementary data) .
Cloning and functional analysis of a Δ6 desaturase gene from C. obscurus
To clone the gene encoding CoD6 from C. obscurus, a pair of degenerate oligonucleotide primers was designed to the well-conserved heme-binding site ((A/E)-(D/K)-H-P-G-G) and the third histidine box (W-F-H-G-G-L-Q) of several Δ6 desaturases previously identified from other eukaryotes. RT-PCR amplification with the degenerate primers using the total RNA as a template generated a cDNA fragment of about ∼1,000 bp long which showed high sequence similarity to other Δ6 desaturases. The RACE method was then used to obtain the full-length cDNA. The open reading frame of the full-length cDNA CoD6 was 1,347 nucleotides in length and encoded a 449 amino acid polypeptide with a predicted molecular mass of 51.7 kDa. Comparison of the CoD6 protein with related sequences indicated it had 46%, 42%, and 40% of amino acid identity to Δ6 desaturases from M. alpina (Huang et al. 1999) , Mucor circinelloides (Michinaka et al. 2003) , and R. stolonifer (Zhang et al. 2004) , respectively.
To define the function of CoD6, the ORF was cloned into a yeast expression vector pYES2.1 under the control of GAL1 promoter. The plasmid was transformed into S. cerevisiae INVSc1. Selected transformants were grown in the presence of linoleic acid, a know substrate for Δ6 desaturase. Fatty acid analysis showed that compared with the control, transformants expressing CoD6 in presence of linoleic acid produced a new peak with the retention time and mass spectrum identical to that of GLA (18:3-6,9,12; Fig. 2 ), indicating CoD6 coded for a functional Δ6 desaturase which could introduce a Δ6 double bond into linoleic acid, giving rise to GLA.
To determine the substrate specificity of CoD6, transformants were exogenously supplied with several other fatty acids that differed in the number and position of double bonds as well as in chain length. The results from these feeding experiments showed that the highest desaturation activity of CoD6 was detected on LA and ALA and similar desaturation efficiency products= substrates þ products ð Þ ð Â % ½ was observed with these two substrates (15% and 16%, respectively). In addition to introducing a Δ6 double bond into LA and ALA, CoD6 could also, to a lesser extent, use 16:1-9 and 18:1-9 as substrates, producing 16:2-6,9 and 18:2-6,9, respectively.
Cloning and functional analysis of a Δ6 elongase gene from C. obscurus
The putative elongase gene from C. obscures (CoE6) was also cloned by using degenerate RT-PCR. Two conserved regions, the histidine rich motif (F-L-H-V-Y-H-H) and the tyrosine rich motif (M-Y-T-Y-Y-F-L-S) found in several Δ6 elongases previously identified from fungi, algae and animals were used to design two degenerate oligonucleotide primers for RT-PCR. Degenerate RT-PCR produced a ∼150-bp fragment with the total RNA as the template, which showed high sequence similarity to a Δ6 elongase from M. alpina To define the function of CoE6, the ORF was similarly cloned into the yeast expression vector. The selected transformants were grown in the presence of stearidonic acid (SDA, 18:4-6,9,12,15), a known substrate for Δ6 elongase. Fatty acid analysis showed that compared with the control, transformants expressing CoE6 in presence of stearidonic acid produced a new peak with the same retention time as ETA. GC/MS analysis of this peak confirmed it had the same mass spectrum as 20:4-8,11,14,17, indicating that CoE6 encoded a functional elongase that could elongate stearidonic acid to ETA (Fig. 3) .
Substrate specificity analysis indicated CoE6 was able to effectively elongate both GLA and SDA with high elongation efficiency (50% and 60%, respectively). SDA was the most preferred substrate producing ETA. Besides, CoE6 could also, at a reduced efficiency, elongate 17:1-10 and 18:3-9,12,15 producing 19:1-12 and 20:3-11,14,17, respectively. However, it could not elongate any very long chain fatty acids (>18 C) such as 20: 1-11,22:1-13,20:4-5,8,11,14 and 20:5-5,8,11,14,17 . Effect of the growth temperature on the gene expression and fatty acid composition
To examine whether the growth temperature has any effect on expression of the two genes, the transcript levels of CoD6 and CoE6 from C. obscurus grown under 10°C, 20°C and 30°C are compared through a RT-PCR method based on an internal standard. The result showed that the growth temperature had significant impact on the transcript level of the two genes. When the fungus was grown at 10°C, the transcript levels of both CoD6 and CoE6 were increased, relative to those grown at 20°C. On the other hand, when the fungus was grown at 30°C, the transcript levels of both genes were decreased by dramatically relative to those grown at 20°C (Fig. 4) . It was also noted that the transcript change of the two genes under different temperatures was generally correlated with the alteration of fatty acid composition of the cell total lipids (Table 1 ). The total amount of VLCPUFAs was the highest when the fungus was grown at 10°C, which was followed by that at 20°C. The amount of VLCPUFAs was the lowest when the fungus was grown at 30°C. This fatty acid variation was also reflected in the conversion efficiencies of both Δ6 desaturation and Δ6 elongation at three different temperatures.
Reconstitution of the entire ETA pathway in yeast Yeast lacks both Δ12-desaturase and ω3 desaturase enzymes, thus is unable to produce LA (18:2-9,12) and ALA (18:3-9,12,15), two precursors for Δ6 desaturation and subsequently Δ6 elongation for the ETA biosynthesis. However, yeast naturally produces substantial amounts of oleic acid (18:1-9), a precursor for LA biosynthesis. Therefore, it was expected that by providing heterologous Δ12 desaturase, ω3 desaturase, Δ6 elongase and Δ6 desaturase, the transformant would be able to synthesize ETA without exogenous supplementation of any fatty acids. The entire ETA pathway was therefore reconstituted by expressing four genes simultaneously, CoD6, CoE6, CpDes12 for a Δ12 desaturase and CpDesX for a ω3 desaturase (Meesapyodsuk et al. 2007) . The fatty acid analysis of transformants showed that compared with the control, yeast expressing the four genes produced ten new fatty acids. The identity of these fatty acids was confirmed A. B. Fig. 2 Functional analysis of CoD6 in yeast with linoleic acid (18:2-9,12). a Gas chromatogram of yeast transformants with pYES2.1 (the control) and pYES2.1-CoD6. Fatty acid peaks: (1) 16:0, (2) 16:1-9, (3) 16:1-6,9, (4) 18:0, (5) 18:1-9, (6) 18:1-11, (7) 18:2-6,9, (8) 18:2-9,12 and (9) 18:3-6,9,12. b Mass spectrum of peak 9 in a. FID flame ionization detector, M + molecular ion of positively charged fatty acids by comparing their retention times as well as their mass spectra to those of standards; 16:2-9,12 and 16:3-9,12,15 are the sequential Δ12 desaturated and Δ15 desaturated products of 16:1-9; 18:2-9,2 (LA) and 18:3-9,12,15 (ALA) are the sequential Δ12 and ω3 desaturated products of 18:1-9; 18:2-11,14 is the elongated product of 16:2-9,12; 18:3-6,9,12 (GLA) and 18:4-6,9,12,15 (SDA) are two Δ6 desaturated products of LA and ALA; 20:3-11,14,17 is the elongated product of 12, 15; 11, 11, 14, 17 (ETA) are Δ6 elongated products of GLA and SDA. This result indicated that the entire ETA pathways were successfully reconstituted in yeast. However, it was also noted that although the entire ETA biosynthetic pathway was reconstituted, the level of the final product was low (∼0.1%; Fig. 5 ). The ratelimiting step in the reconstituted pathway appeared to be the Δ6 desaturation where only about 6% of the substrates were converted into the corresponding Δ6 desaturated products (Table 2) .
Discussion
Previous reports have indicated entomopathogenic fungi such as Conidiobolus spp., Entomophora spp. and Batkoa spp. could produce large amounts of VLCPUFAs (Tyrrell 1967) . Five species of these entomopathogenic fungi were thus selected for the analysis of their VLCPUFAs. The results showed that all these fungi, particularly C. obscurus, produced large amounts of VLCPUFAs such as arachidonic acid and eicosapentaenoic acid, which are downstream products of Δ6 desaturated and Δ6 elongated products. VLCPUFAs produced in this fungal species were mainly found in phospholipids, particularly phosphatidylethanolamine, whereas the storage neutral lipid triacylglycerol contained a lower amount of VLCPUFAs. The biosynthesis of VLCPUFAs involves alternating desaturation and elon- 18:4-6,9,12,15 ). a Gas chromatogram of yeast transformants with pYES2.1 (the control) and pYES2.1-CoE6. Fatty acid peaks: (1) 16:0, (2) 16:1-9, (3) 18:0, (4) 18:1-9, (5) 18:1-11, (6) 18:4-6,9,12,15, (7) 20:4-8,11,14,17. b Mass spectrum of peak 7 in a gation. ARA and EPA are two Δ5 desaturated fatty acids in the n-6 and n-3 pathways. The Δ5 desaturation producing these two fatty acids is generally believed to occur in phospholipids (Domergue et al. 2003 ). Therefore, a high level VLCPUFAs accumulated in phospholipids rather than in triacylglycerols may imply that C. obscurus has developed an active system to synthesize these VLCPUFAs, but lack an efficient mechanism to channel these fatty acids to the storage lipids.
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Polyunsaturated fatty acids have been shown to play an important role in sexual development and spore germination of several filamentous fungi. In Neurospora sp., α-linolenic acid stimulates formation of fruiting bodies (Nukina et al. 1981) . In Mucor sp., γ-linolenic acid is steadily increased during the germination process of spores (Laoteng et al. 2000) where the Δ6 desaturase gene responsible for the biosynthesis of the fatty acid is highly expressed (Khunyoshyeng et al. 2002) . C. obscurus has been used as bio-pesticides to control aphids from crops. It is believed VLCPUFAs in the entomopathogenic fungi may have a role in initial infection of the host (Mackichan et al. 1995) . However, the exact mechanism underlying the process still needs to be defined.
In this study, degenerate RT-PCR and RACE methods were employed to clone genes involved in the biosynthesis of VLCPUFAs from C. obscurus. The Δ6 desaturase cDNA CoD6, when expressed in yeast, could introduce a double bond at the sixth position of linoleic acid and α-linolenic acid. However, the desaturase activity appeared to be relatively low in comparison to other previously characterized Δ6 desaturases from fungi. The Δ6 desaturated products of two preferred substrates, linoleic acid and linolenic acid were in a range of 2-3% compared to 10% of M. alpina Δ6 desaturase (Huang et al. 1999) , 7.1% of M. rouxii Δ6 desaturase (Laoteng et al. 2000) , 6.0% of P. irregulare Δ6 desaturase (Hong et al. 2002) under the similar experimental condition. The Δ6 elongase cDNA CoE6, when expressed in yeast, could elongate two Δ6 desaturated products GLA and SDA with the latter being the most preferred substrate. It could not elongate any 20 C VLCPUFAs such as ARA and EPA. This result was manifested by phylogenetic analysis of CoE6 with related sequences, which indicated that the CoE6 elongase was clustered into the clade representing elongases specific for the elongation of 18 C Δ6 desaturated fatty acids. This clade of elongases were distantly separated from two other clades, one clade comprised elongases specific for elongation of saturated and mono-unsaturated fatty acids and the other consisted of elongases for elongation of both 18 C and 20 C polyunsaturated fatty acids (Fig. S2 in supplementary data) . -9,12, (4) 16:3-9,12,15, (5) 18:0, (6) 18:1-9, (7) 18: 1-11, (8) 18:2-9,12, (9) 18:2-11,14, (10) 18:3-6,9,12, (11) 18:3-9,12,15, (12) 18:4-6,9,12,15, (13) 20:3-8,11,14, (14) 20:3-11,14,17 and (15) 20:4-8,11,14,17 The variation in the gene expression of CoD6 and CoE6 and fatty acid composition was observed when the fungus was grown under different temperatures (Fig. 4) . The transcript level of both CoD6 and CoE6 was the highest when the fungus was grown at 10°C, which was followed by those at 20°C and at 30°C. This expression pattern was generally correlated with fatty acid compositions of the fungus grown under these temperature conditions. VLCPUFAs in the fungus were the most abundant when grown at 10°C and with the growth temperature increased, the amount of VLCPUFAs were concurrently reduced. These results suggest that VLCPUFAs might play an important role in acclimation of the fungus to the temperature shift. When the fungus grew at the lower temperature, the increased VLCPUFAs in membrane lipids would be helpful in maintaining the membrane fluidity and preventing it from the cold damage. The increased long chain unsaturated fatty acids have been previously observed in improving the cold stress in plants (Upchurch 2008; Welti et al. 2002) . The change in unsaturated fatty acid levels has also been observed in S. cerevisiae (Nakagawa et al. 2002) where the increased desaturation of cellular fatty acids in cold adaptation is mediated by a transcription factor Mga2p that contributes to the transduction of low-temperature signals for the activation of the Δ9 desaturase. In Synechocystis sp., the signal transduction for the fatty acid desaturation at low temperature is monitored by a "two-component system" composed of a membrane-associated kinase as the signal acceptor (thermosensor) and a response regulator activated upon phosphorylation (Suzuki et al. 2000) . The biosynthesis of very long chain unsaturated fatty acids (≥20 C) and long chain unsaturated fatty acids (16-18 C) is different in microbes. Whether the regulation of the VLCPUFA biosynthesis in response to the temperature shift shares similar mechanisms remains to be determined.
Very long chain ω3 fatty acids have been shown to have many health benefits, some of which include lowering blood pressure, providing protection against cardiovascular diseases and improving brain and eye functions. So far, there are several groups who have attempted to reconstitute the VLCPUFA biosynthetic pathway in yeast (Beaudoin et al. 2000; Domergue et al. 2003) as well as in plants Qi et al. 2002; Wu et al. 2005) . In yeast, Beaudoin et al. (2000) produced EPA in presence of ALA using a C. elegans Δ6 elongase, a M. alpina Δ5 desaturase and a borage Δ6 desaturase. Domergue et al. (2002) produced EPA using a different set of three enzymes in presence of ALA. Meyer et al. (2004) reconstituted the DHA biosynthetic pathway in yeast starting with the Δ6 elongation step. In all these cases, an exogenous fatty acid was supplied to the yeast transformants for the production of very long chain ω3 polyunsaturated fatty acids. The reconstitution of the entire biosynthetic pathway of DGLA, an ω6 VLCPUFA in S. cerevisiae was previously reported using a yeast Kluyveromyces lactis Δ12 desaturase, a rat Δ6 desaturase and a rat Δ6 elongase without supplementation of any foreign fatty acids (Yazawa et al. 2007 ). To our knowledge, there is still no report so far describing the reconstitution of the entire ω3 VLCPUFA pathway in the absence of exogenous fatty acids in yeast S. cerevisiae. This report for the first time describes the reconstitution of the entire ETA pathway by co-expressing four genes simultaneously without supplementation of any exogenous substrate.
While the entire ETA pathway was successfully reconstituted in yeast, the level of the final product ETA is still low, accounting for about 0.1% of the total fatty acids. Many factors could affect the yield of the final product in a reconstituted metabolic pathway. This may include the activity of the transgene per se, the choice of the host expression system, the activity of a promoter used to control the transgene, and growing condition of transformants. Comparison of conversion efficiencies in each enzymatic step of the reconstituted ETA pathway in yeast revealed that the bottleneck of the reconstituted pathway is the Δ6 desaturation where the conversion efficiency is only about 6%, far from that of the Δ6 elongation (∼50%). Part of the reason for the low Δ6 desaturation could be attributed to the relatively low activity of CoD6. However, comparison of conversion efficiencies between the single-gene functional analysis and the four-gene reconstitution showed that the CoE6 elongase in the reconstituted pathway was able to keep similar elongation efficiency (50-60%) as in the functional analysis, whereas the CoD6 desaturase was (n=3) unable to do the same, the Δ6 desaturation efficiency was reduced from 15% in the single-gene functional analysis to about 6% in the reconstituted pathway. It has been shown by previous studies that the major obstacle in reconstitution of a VLCPUFA pathway in heterologous systems such as yeast and plant is substrate availability. It is generally believed that the desaturation and elongation involved in the biosynthesis of VLCPUFAs often occur in different lipid pools Domergue et al. 2003) .
The elongase usually uses acyl-CoA as substrate, while most desaturases use glycerolipids as substrates (Lopez Alonso et al. 2003) , although a few desaturases that can uses acyl-CoA as substrate have recently been identified in microalgae (Domergue et al. 2005; Hoffmann et al. 2008) . If desaturases and elongase in the metabolic pathway do not share the same pool of substrates, the VLCPUFA biosynthesis would be less efficient Domergue et al. 2003) . At the moment, we do not have information regarding the substrate form for CpDesX and CoD6 used in the ETA reconstitution. If CpDesX does not share the same form of substrates as CoD6, the subsequent Δ6 desaturation by CoD6 could be affected by ineffective channeling of the acyl substrates. The more effective desaturation of the reconstituted VLCPUFA pathways in plants than in yeast (Cheng et al. 2010; Kaijikawa et al. 2008 ) might be also due to the substrate availability in the host system used.
